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N 1986, one of us (T.M.S.) suspected an increase in the incidence of postoperative seizures in patients undergoing craniotomy at the Mayo Clinic. This suspected increase appeared to be temporally related to the introduction of isoflurane anesthesia in 1982. Because of the ready availability of postoperative information in patients who had undergone aneurysm repair since 1970 at the Mayo Clinic, the frequency of postoperative seizures before and after 1982 was compared in this group. There was a statistically significant increase from approximately 4% to 8% between these two time periods (a total of 62 patients with postoperative seizures out of 1209 cases). The records of these 62 patients were then abstracted in detail. Attention was focused on the first 6 hours after surgery as being the probable period during which seizures due to intraoperative anesthetics or other medications might occur. Ten patients had either a generalized seizure (seven cases) or focal seizure (three cases) within the first 6 postoperative hours. Of these, six patients had received isoflurane and four had not. These were compared to the remaining 52 patients who had experienced late generalized seizures (six cases) or focal seizures (46 cases), and it was found that there was no statistical suggestion that early seizures correlated with the use of isoflurane.
It was also noted in this review that, during 1980, the intraoperative intravenous administration of antibiotics (usually nafcillin) had increased from occasional to almost routine practice. Of the 10 patients with early seizures, nine had been given antibiotics while only 31 of the remaining 52 had been so treated. This achieved a p value of 0.06 by Fisher's exact analysis. Both because of the lack of significance at the usual p = 0.05 level and because the comparative group of 52 patients was not necessarily representative of the total group of patients who had not suffered early seizure, we elected not to pursue publication of these data. However, as a result of this analysis, a deliberate change in practice took place in 1987 such that intraoperative penicillins were largely avoided in patients undergoing craniotomy and were replaced by the nearly routine use of nonpenicillins (usually vancomycin).
The hypothesis was that, by crossing an operatively or pathologically damaged blood-brain barrier, penicillins might induce seizures while nonpenicillins might not do so. This change in practice permitted a retrospective comparison of the incidence of early postcran-iotomy seizures before and after the change to nonpenicillins took place.
Clinical Material and Methods
With the approval of the institutional review board, one of us (J.D.M.) undertook a review of selected records of patients who underwent craniotomy or craniectomy in 2 years between 1984 and 1988. All available records of patients treated between July 1, 1984, and July 1, 1985, were reviewed (658 cases), as were an identical number of records of patients treated between July 1, 1987, and July 1, 1988 . In all, the records from 1316 operative procedures were reviewed. The following information was abstracted from each record: date of operation, registration number, age and sex of the patient, diagnosis, type of procedure, primary anesthetic agent, use and type of intraoperative antibiotic, use and type of muscle relaxant, use and type of intraoperative prophylactic seizure medication, history of preoperative seizures, and the occurrence and type of seizure in the first 6 postoperative hours. If an early seizure occurred, the duration of seizure activity was noted.
These data were initially analyzed using simple 2 x 2 contingency tables and chi-squared analysis. Where appropriate, the data were also examined separately for each of the two time periods. These data were then combined and summarized using the methodology of Mantel and Haenszel. 4
Results
Virtually all of the patients received isoflurane as the primary anesthetic agent along with a non-depolarizing muscle relaxant (usually either pancuronium or vecuronium), and almost all were also given intravenous antibiotics intraoperatively. During the year 1984 to 1985 a penicillin (usually nafcillin) was the primary antibiotic used in 518 of the 658 procedures as compared to 101 of the 658 procedures reviewed from the year 1987 to 1988.
Of the 1316 procedures reviewed, 323 were suboccipital craniectomies (Table 1) . During almost all of these procedures, intravenous antibiotics (usually nafcillin) were again administered. There were no early postoperative seizures in this subgroup. In the 993 patients with supratentorial procedures, a total of 30 seizures occurred with onset within the first 6 postoperative hours; 19 of these were generalized seizures. In all but two patients seizure activity terminated within 12 to 24 hours postoperatively. The two patients with persistent seizures (one focal and one generalized) had both undergone surgery in an effort to correct intractable seizures.
The relationship between seizures and antibiotic therapy is shown in Table 2 . The incidence of seizures in patients given penicillins was 4.7%, while in those not given penicillins the incidence was only 1.8%. This difference was statistically significant by chi-squared analysis (p < 0.01). When analyzed by the MantelHaenszel method 4 there was no difference between the two time periods as to the degree of association between penicillin therapy and early seizures. Furthermore, estimating the association reflected by the entire data set yielded an odds ratio of 4.05 and an associated p value of 0.031. This implies that an individual exposed to penicillin who undergoes supratentorial surgery is four times more likely to experience early seizures than one who is not.
As would be expected, there was a higher incidence of early seizures in patients who underwent craniotomy in order to correct intractable seizures. Ninety-two patients were operated on for this reason and 11 (12%) of these experienced early postoperative seizures. The possible influence of such surgery on the relationship of antibiotic therapy to early postoperative seizures can be examined by limiting the analysis to patients who underwent surgery for other than intractable seizures (Table 3). Again there is a significant correlation between early postoperative seizures and therapy with penicillins (p < 0.02).
The relevant information abstracted in the two antibiotic subgroups of patients who experienced seizures in the first 6 hours postoperatively is summarized in Table 4 . The history of seizures and the frequencies of surgery for intractable seizures, early generalized seizures, and prophylactic seizure therapy were not significantly different between the groups. There was one death among the patients with early seizures. This patient underwent surgery for intractable seizures and received nafcillin intraoperatively. Starting 1 hour post- Antibiotics and incidence of postcraniotomy seizures operatively he experienced three generalized seizures, lapsed into coma, and subsequently died.
Discussion
This retrospective survey supports the hypothesis that penicillins are more likely than nonpenicillins to cause early postoperative seizures when given intraoperatively during craniotomy for supratentorial pathology. The presumed mechanism is that an operatively or pathologically damaged blood-brain barrier will permit entrance of antibiotics into the brain parenchyma and that penicillins under such circumstances are more likely to cause seizures. This conclusion was strongly suggested by our initial survey of patients who underwent surgery for aneurysm repair between 1970 and 1986 and is now statistically demonstrable in patients who underwent craniotomy in 2 years between July, 1984, and July, t988. Although our analysis was potentially confounded by the possible impact of surgery for intractable seizures on the incidence of early postoperative seizures, eliminating these patients from consideration did not alter the conclusion.
That penicillin can cross a damaged blood-brain barrier and produce seizures has been reported in patients undergoing cardioputmonary bypass procedures who were given intravenous penicillin. ~ Cardiopulmonary bypass surgery is thought to alter the blood-brain barrier. This relationship was demonstrated in a canine study in which the combination of a cardiopulmonary bypass procedure and intravenous penicillin administration almost always caused seizures, whereas either intervention alone never caused seizures?
Whether nonpenicillin antibiotics can also cause early postcraniotomy seizures is uncertain. That 1.8% of our craniotomy patients had early postoperative seizures in the absence of penicillin suggests a possible effect and invites comparisons with patients not given any antibiotics. Such a group might be available to us prior to 1980 but other major differences would likely preclude meaningful analysis. Thus, prior to 1980 the use of prophylactic seizure medication was less common and isoflurane was not available. Furthermore, to demonstrate a significant reduction in incidence from 1.8% would require that there be no early seizures at all in a 1-year sampling of craniotomies sufficient to yield 400 to 500 supratentorial procedures (similar to the numbers in the current study). This seems highly improbable in a group of patients that wilt again likely include approximately 9% who underwent surgery for intractable seizures (in whom the incidence of early postoperative seizures is approximately 12%). For all of these reasons, the temptation to "look" at such a group was not sufficient to justify the effbrt. However, it seems probable (based upon both animal work and individual case reports) that antibiotics other than the penicillins can induce seizures if they gain access to brain parenchyma. Thus, gentamicin has been reported to induce seizures in man 3"6 while certain nonpeniciUins have been reported to induce seizures in animals when placed on the cerebral cortex. 2 The lack of seizures in over 300 patients who underwent suboccipital craniectomy and were given similar antibiotic regimens as the other patients of this study clearly underscores the safety of antibiotic therapy in the absence of supratentorial pathology and surgery.
Based upon the results of this retrospective survey, we conclude that intraoperative (and immediate postoperative) penicillins should be avoided, when possible, in patients undergoing craniotomy for supratentorial pathology.
